Purpose Cerebral palsy (CP) is a disorder characterized by an increased muscle stiffness that can be contingent on both neurological and biomechanical factors. The neurological aspects are related to hyper-excitability of the stretch reflex, while the biomechanical factors are related to modifications in muscle structure. We used smart-shear wave elastography (S-SWE) to analyze muscle properties and to compare shear wave speed in soleus muscles of patients affected by CP and typically developing children. Methods We enrolled 21 children (15 males and 6 females; age range 3-16) with spastic hemiplegia CP and 21 healthy children (11 males and 10 females; age range 3-14). Measurements of soleus S-SWE were performed using a Samsung RS80A ultrasound scanner with Prestige equipment (Samsung Medison Co. Ltd., Seoul, Korea), with a convex array transducer (CA1-7; Samsung Medison Co. Ltd., Seoul, Korea). For each CP child clinical assessment included Modified Ashworth Scale (MAS) score. Results Children with CP showed greater S-SWE values than the healthy ones (p < 0.001). Our data suggest a significant correlation between the S-SWE values and the MAS scores (Spearman correlation coefficient 0.74; p < 0.001 at KruskalWallis test) in children with CP. Conclusions Measuring muscle properties with SWE, a non-invasive and real-time technique, may integrate the physical exam. SWE may be a reliable clinical tool for diagnosis and longitudinal monitoring of muscle stiffness, as well as particularly suitable for grading and for assessing the response to treatments.
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Background Cerebral palsy (CP) is a neurological disorder caused by a non-progressive brain injury or malformation that occurs while the child's brain is under development. CP is the most common of all childhood disabilities; the reported prevalence is 2.0-3.0 per 1000 live births [1] . Spasticity is the dominant symptom in the majority of children with CP and it refers to a velocity-dependent abnormally high muscle tone (hypertonia or active muscle stiffness) resulting from hyper-excitability of the stretch reflex [2] . Despite the spasticity possibly having a positive effect in children with CP, due to compensation for muscle weakness, it can also affect mobility control, function, and activity. Furthermore, the increased muscle tone may alter the musculoskeletal development of children with CP, leading to muscle shortening (passive muscle stiffness), torsional deformities, joint dislocations, and scoliosis. Measurement of spasticity is a complex and vexed issue; methods that are easily used in practice are clinical ordinal scales, such as the Ashworth Scale (AS), the Modified Ashworth Scale (MAS) [3] , the Tardieu Scale and the Modified Tardieu Scale, that still lack reliability and do not allow to distinguish between active and passive muscle stiffness. Dynamometry is an objective way to measure the force required to move a joint, so it could be suggestive of passive muscular stiffness; however, dynamometry is a complex technique and is affected by stiffness of soft tissues others than muscles [4] [5] [6] . Advances in ultrasound elastography techniques provide an opportunity for direct quantification of passive muscle stiffness.
Ultrasound (US) elastography is a non-invasive imaging technique that can evaluate and display tissue displacement (i.e., strain) or stiffness in response to the application of a given force: stiff tissues tend to deform less and show less strain than compliant tissues [7] .
All elastography techniques rely on the same basis: an external force is applied to the studied tissue and the resulting movements are then detected. There are several elastosonography methods available depending on the method of stress application and the objectives [8] , and each one presents different limits: transient elastography does not grant an accurate anatomic targeting because it does not provide a B-mode image; though acoustic radiation force impulse imaging provides a grayscale image, the region of interest (ROI) is small, and fixed at a depth of 4 cm [9] ; real-time strain elastography, that can produce the tissue elastogram and B-mode image simultaneously, is the most commonly used method, but it is operator dependent and cannot calculate the absolute elastic modulus [10, 11] .
Actually, shear wave elastography (SWE) represents an operator-independent, relatively reproducible, and quantitative method useful for the evaluation of muscle [12] , in spite of the size, shape, and depth limitations of the currently available ROI [2] .
The SWE methods use an acoustic pulse to produce shear waves, propagating perpendicularly to and much slower (∼ 1-50 m/s) than the longitudinal ultrasound (US) waves (∼ 1500 m/s) [13, 14] .
Then, shear waves are detected and measured within a limited distance; their velocity is faster in harder than in softer tissues [13, 14] .
The relationship between the applied force and resulting strain is determined by Young's modulus, a parameter that quantifies tissue elasticity; the harder the tissue is, the higher Young's modulus (elasticity) will be. Tissue elasticity can be quantified by Young's modulus as pressure in kilopascals (kPa) or by shear wave velocity in meters/ second (m/s) [13, 14] .
The smart-shear wave elastography (S-SWE), installed on the Samsung RS80A Prestige US scanner, is a particular type of point-SWE. In this technique, a localized transient displacement is generated using an ARFI. It creates a transient shear wave spreading with cylindrical symmetry away from the pushing-beam's axis and focus, which is strongest at the depth of the pushing-beam's focus [14] . The shear displacement propagates along the ultrasound imaging beam, so the small displacements of the shear wave are measured and its time of arrival at lateral positions of the ROI is detected [14, 15] . In particular, S-SWE enables to place freely the ROI with a fixed height of 1 cm. The width is automatically adjusted depending of the measurement depth. If the ROI is placed in an invalid position, the color of the box changed to orange [15] . The measurements were expressed in kPa. The method had an only performance index, called "Reliability Measurement Index" (RMI), calculated by the weighted sum of the residual of the wave equation and the magnitude of the shear wave. RMI range is from 0.0 ± 1.0 and, in characterizing diffuse liver disease, a standardized value of 0.5 or higher is considered acceptable and correlates with reproducible measurements, according to the manufacturer [15] .
This value is used to filter out unreliable measurements and results in performance improvement of shear wave elastography.
The possibility to obtain objective measurements of muscle stiffness in children with cerebral palsy may provide an ideal support for diagnosis, staging and therapeutic monitoring. For these reasons, the aims of this study were (1) to compare the passive muscle stiffness, measured by means of ultrasound shear wave elastography (SWE), in children with CP and in typically developing children and (2) to analyze the statistical relationship (correlation coefficient) between the passive muscle stiffness measured by means of SWE and the MAS scoring.
Methods

Participants
A total of 21 children (15 males and 6 females; age range 3-16) with spastic hemiplegia cerebral palsy were enrolled in the present study. Patients were recruited from Department of Rehabilitation Medicine at University "Federico II" of Naples. Informed consent was obtained from all individual participants' parents or legal tutors included in the study. The exclusion criteria were: (1) previous ankle or knee surgery; (2) pharmacological treatment of spasticity in the past 6 months or during the study (BTX-A injections, GABAergic medications, benzodiazepines, or muscle relaxants); (3) walking inability (assisted or unassisted). Children with cerebral palsy were compared to a group of 21 typically developing children (11 males and 10 females; age range 3-14).
Study methods
Some demographic information was collected for each child: date of birth, weight, height, sex, medical and surgical history and medications.
Measurements of soleus S-SWE were performed using a Samsung RS80A ultrasound scanner with Prestige equipment (Samsung Medison Co. Ltd., Seoul, Korea), with a convex array transducer (CA1-7; Samsung Medison Co. Ltd., Seoul, Korea). For the S-SWE measurements, each child was positioned prone with feet dangling over the edge of the examination table.
Circumferential measurements of each calf were obtained by a tape, and the area of the greatest muscle bulk was marked on the skin.
The ultrasound transducer was positioned at the midbelly region of each soleus and the distance from the fibular head to the proximal end of the ultrasound probe was measured and recorded, to ensure an appropriate placement of the probe for the repeated measures.
The region of interest, from which the SW velocities were measured, was placed over the mid-region of the muscle belly on the third medium of the soleus (the point was located at the proximal one-third of a longitudinal line from the midway between the medial and the lateral epicondyles and the calcaneal tuberosity), over the area of greatest muscle bulk. The transducer was aligned transversally to the direction of the muscle fiber. B-mode imaging was used to confirm the correct placement of the transducer. The transducer was held in place with minimal pressure on the skin.
A region of interest (ROI) over the soleus muscle was selected so that muscle fascial borders, tendon, and blood vessels were excluded. Since in musculoskeletal applications, there are no standardized RMI values recommended, we decided to comply with the same conditions suggested by the manufacturer for the liver disease, considering acceptable only the measurements with RMI values equal or higher than 0.5 (Fig. 1) .
Each child of both groups received a unilateral S-SWE evaluation, performed on the affected soleus of children with CP, on one soleus, chosen randomly, in TD children (Fig. 2) . CP group also received clinical evaluation including MAS score assessment for the ankle, performed with the children in supine position with un-flexed knees. 
Statistical analysis
Concerning the S-SWE measurements, the normality of the variable distribution has been verified using the Q-Q plot, which suggested that data might not be normally distributed (Fig. 3) . Consequently, median and interquartile range have been used for data summary; further, intergroup comparisons of the S-SWE values between both comparative groups were performed using the non-parametric Wilcoxon-Mann-Whitney test. Statistical analysis was performed using 99% confidence intervals and the level of significance was set at p < 0.001.
To assess the relationship between the S-SWE values and the MAS scores, a Spearman correlation coefficient has been used. Moreover, a non-parametric Kruskal-Wallis test has been used to investigate the relationship between S-SWE values and MAS scores.
Statistical analysis has been performed in R [R Core Team (2014). R: a language and environment for statistical computing. R foundation for statistical Computing, Vienna, Austria. URL http://www.R-proje ct.org].
Results
A statistically significant difference between the S-SWE of the two groups was found (p < 0.001). In particular, the median ± interquartile range of S-SWE values for the CP group was 8.1 ± 2.3 kPa compared to the TD group having 4.8 ± 1.7 kPa.
Concerning the relationship between S-SWE values and the MAS scores, the Spearman correlation coefficient was 0.74 (CI 0.33-0.91) suggesting a high positive correlation between these variables (Fig. 4) . Further, the Kruskal-Wallis test confirmed (p < 0.001) the difference between S-SWE medians among the different MAS scores.
Discussion
Using S-SWE, we demonstrated objectively that the shear waves spread faster in the affected muscles rather than in the healthy ones. This difference is caused by the higher stiffness characterizing the limbs of CP patients. There are many factors that may contribute to increase stiffness in CP patients. In particular, the spasticity has neural and biomechanical components, where the latter is related to muscle stiffness. Several studies demonstrated that it is probably influenced by titin and collagen content in the spastic muscle [16] . The increased stiffness in CP children muscles was hypothesized to arise from titin, considered the major passive load-bearing protein within the muscle tissue [17] . There is also potential for a fibrosis induced from spasticity to lead directly to a limitation of longitudinal growth; skeletal muscle fibrosis could impede muscle regeneration by forming a mechanical barrier to this process [18, 19] . It seems that in spastic muscles increased passive stiffness is caused by increased amounts of collagen in the extracellular matrix of muscle fiber bundles [20] .
US and SWE techniques seem to be ideal tools to investigate these biomechanical muscle properties. Actually US elastography has been established as an excellent diagnostic method for evaluating the biomechanical properties in liver fibrosis, breast cancer, and thyroid cancer. Furthermore, in the musculoskeletal field, many research studies have been conducted on sonoelastography since the early 1990s but only recently it has been applied to clinical practice [20] [21] [22] . The use of SWE to study muscles has increased exponentially in the last few years, in particular research studies have been conducted in the evaluation of myopathy, chronic stroke and also of cerebral palsy patients [23] [24] [25] .
The results of our study come in agreement with those of Lee et al. and Brandenburg et al. [23, 24] , showing that SWE values are higher in CP patients muscles than in TD children ones. In contrast to these studies, our research study was conducted on a larger sample and SWE values were measured on soleus that is deeper than anterior tibialis, medial and lateral gastrocnemius, which were evaluated in the previous studies.
The depth of soleus fits better with S-SWE measurement since ROI placement results invalid at too superficial depth.
Furthermore, our data suggested a correlation between the MAS scores and the S-SWE values, indicating that S-SWE may be used in the clinical routine, representing an objective and reliable tool for diagnostic and therapeutic monitoring purposes.
At first, S-SWE values were measured aligning the transducer both in parallel and transversally to the direction of the muscle fibers. Obtaining RMI values higher than 0.5 resulted very difficult when the transducer was oriented in parallel to the muscle fibers and requested many attempts, reducing the compliance of our little patients. Therefore, S-SWE measurements were performed positioning the transducer transversally to the muscle fibers, complying with RMI values higher than 0.5. Though the sample size of this study is larger than those of Lee et al. and Brandenburg et al. [23, 24] , it may be extended further and may investigate the relationship between the SWE values and the demographic features, to identify normal SWE value range depending on age or limb dimensions. Future studies may investigate the reliability and repeatability of the S-SWE when monitoring the effects of medical and physical therapies.
Conclusions
This study demonstrates that muscle stiffness can be measured in a reliable and repeatable way, providing advantages from the advances in US elastography.
Measuring muscle properties with SWE is a non-invasive (with a higher compliance of the patients) and real-time technique and can potentially integrate the physical exam, in contrast with other evaluations of muscle properties that are usually performed with invasive tools (muscle biopsy), complex measurements performed in lab (dynamometry) or, indirectly, with qualitative and operator-dependent clinical scales (MAS, Tardieu Scale).
SWE may be a reliable clinical tool for diagnosis and longitudinal monitoring of muscle stiffness, particularly suitable for grading and for assessing the response to treatments. Furthermore, SWE allows a more objective assessment of muscle stiffness comparing to clinical evaluations that are operator dependent. Our study contributes to validate SWE as a useful, quantitative and repeatable measurement of muscle properties, especially in those clinical conditions characterized by an altered muscle tone. 
